We have systematically examined nitrogen-rich silicon oxynitrides with a thickness of about 2 nm grown by rapid thermal nitridation in ammonia. In this paper the nitrogen incorporation as well as the electrical properties of the oxynitrides are discussed in detail. With the help of elastic recoil detection measurements it could be shown that the incorporated nitrogen concentration can be controlled precisely in a range between 20 and 60%, which means that even pure silicon nitride can be thermally grown in ammonia. Depending on the process flow it is also possible to adjust the nitrogen and oxygen profiles across the dielectrics depth. Regarding the electrical properties of the grown oxynitrides, we examined the impact of the variation of the process parameters and the impact of postnitridation anneals. It was found that the dilution of the process gas ammonia by the inert gas argon has a big impact on the quality of the dielectric. The optimized oxynitrides show leakage current densities which are significantly reduced compared to that of SiO 2 , but their interface quality is not sufficient for metal oxide semiconductor ͑MOS͒ applications. In order to reduce the interface state density D it , a short reoxidation in steam atmosphere combined with an anneal in forming gas results in oxynitrides with D it values of 10 11 eV −1 cm −2 . It is shown that for an equivalent oxide thickness of 1.3-1.5 nm, the leakage current densities are four orders of magnitude below that of SiO 2 with the same thickness. Promising measurements of the effective electron mobility show that the presented oxynitrides are suitable as gate dielectrics in MOS applications in spite of the high nitrogen concentration of more than 25%. The required equivalent oxide thickness ͑EOT͒ for the coming technology nodes is less than 2 nm, 1 which is a thickness range where silicon dioxide will not be suitable as gate dielectric due to high leakage currents and high boron diffusion from the p + polysilicon electrode. Promising candidates to bridge the gap between the use of SiO 2 and some high-k material are oxynitrides. During the last decades a lot of work has been done to examine oxynitrides formed by different methods like CVD-nitridation with following postnitridation anneals ͑PNAs͒ in oxygen-containing gas ambients, 2-5 rapid thermal oxynitridation in NO or N 2 O, 6,7 rapid thermal nitridation of thin oxides in NH 3 , 8 or remote plasma nitridation.
The required equivalent oxide thickness ͑EOT͒ for the coming technology nodes is less than 2 nm, 1 which is a thickness range where silicon dioxide will not be suitable as gate dielectric due to high leakage currents and high boron diffusion from the p + polysilicon electrode. Promising candidates to bridge the gap between the use of SiO 2 and some high-k material are oxynitrides. During the last decades a lot of work has been done to examine oxynitrides formed by different methods like CVD-nitridation with following postnitridation anneals ͑PNAs͒ in oxygen-containing gas ambients, [2] [3] [4] [5] rapid thermal oxynitridation in NO or N 2 O, 6,7 rapid thermal nitridation of thin oxides in NH 3 , 8 or remote plasma nitridation. 9, 10 But little work has been done using NH 3 in rapid thermal nitridation to form nitrogen-rich oxynitrides or even Si 3 N 4 because of the insufficient control of oxygen incorporation and the resulting poor interface properties. Although NH 3 is not commonly used to directly form gate dielectrics, it is used to form thin nitride layers prior to high-k deposition in order to build gate stacks with a defined interfacial layer. [11] [12] [13] The object of this paper is to present optimized nitrogen-rich oxynitrides formed by rapid thermal nitridation in NH 3 followed by postnitridation rapid thermal wet reoxidation. Compared to the above-mentioned oxynitrides, these dielectrics show better electrical behavior regarding the leakage current density and the interface state density which can be reduced to 10 11 eV −1 cm −2 .
Experimental
The oxynitridation experiments described in this paper were carried out in a rapid thermal processing ͑RTP͒ system of Mattson Thermal Products GmbH on 200 mm ͗100͘-p − -silicon substrates with a resistivity of 1-10 ⍀ cm. Prior to nitridation, some wafers were annealed in pure argon in order to remove the native oxide. Then the substrates were thermally nitrided in a NH 3 /Ar gas ambient at varying temperatures ͑1060-1100°C͒ and various NH 3 partial pressures in the process gas ͑1-0.03 bar͒, respectively. For optimization of the electrical properties ͑section 4͒ the physical thickness of the as-grown samples as measured by ellipsometry was kept constant at 2 nm in order to be able to compare the samples to each other. As a last step the wafers were annealed in either nitrogen, oxygen, or steam in order to improve the interface quality. Additionally the samples were annealed in forming gas ͑5% H 2 in N 2 , 450°C, 30 min͒ after metallization.
For physical analysis of the dielectrics oxygen-and nitrogenprofiles across the sample depth were measured by elastic recoil detection ͑ERD͒ measurements at the Munich tandem accelerator and its Q3D magnetic spectrograph. This unique technique provides accurate results on concentrations with a subnanometer depth resolution. [14] [15] [16] The projectiles used for the ERD experiments were Au ions with an energy of 40 MeV that hit the sample surface in an angle of 4°. The scattered ions were detected under an angle of 15°w ith respect to the ion beam.
To characterize the electrical properties of the dielectrics capacitance-voltage ͑C-V͒, conductance-voltage ͑G-V͒, and current-voltage ͑I-V͒ measurements were carried out on metal oxide semiconductor ͑MOS͒ capacitors with a diameter of 160 m and an aluminum gate, which was thermally evaporated through a shadow mask. Thermal evaporation was used because no radiation damage occurs compared to e-gun evaporation or sputtering. From these data we extracted the interface state density by using the conductance method 17 and the tunneling current density at V G − V FB = −1 V, where V G is the gate voltage and V FB the flatband voltage. A decrease of the tunneling current density corresponds to an increase of the dielectric quality. EOT was determined from C-V measurements in strong accumulation taking quantum mechanical effects into account. 18 In order to measure the electron mobility simple n-type metaloxide semiconductor field effect transistor ͑n-MOSFET͒ test structures have been processed on silicon wafers with a local substrate doping of N A = 10 18 cm −3 in the channel region. The width and the length of the channel are 10 and 5 m, respectively.
Controlling Nitrogen Concentration and Profile
Statements in the literature claiming that by nitridation in ammonia the highest nitrogen concentrations that can be achieved are values around 20% refer to samples where an oxide has been grown prior to nitridation. 19 In contrast, the ERD nitrogen and oxygen profiles of Fig. 1 show that the nitrogen incorporation can be adjusted in a range between 20 and 60%, if no oxide has been grown before nitridation, and that even the growth of a pure silicon nitride ͑Fig. 1a͒ is possible if one removes the native oxide prior to nitridation. The process flows of the presented samples are summarized in the caption of Fig. 1 . In Fig. 1a a "clean" silicon surface is nitrided at 1100°C, resulting in a pure nitride ͑c N Ϸ 60%, c O Ϸ 0%͒. The expected value for pure silicon nitride is c N = 57%, which means that there is an excess of nitrogen in the sample. Although this is usually due to NH bonds and therefore to hydrogen incorporation, no hydrogen could be detected by the ERD measurements, meaning that the H concentration of all samples lies below the detection limit of about 0.5%. Figure 1b shows a sample which is nitrided with the same process as the sample in Fig. 1a but where the native oxide has not been removed prior to nitridation. Therefore there is less nitrogen incorporated ͑c N Ϸ 50%͒ and one also has about 20% oxygen. If the nitridation temperature is reduced to 900°C the nitrogen concentration is further reduced ͑c N Ϸ 20%͒ while the oxygen concentration is strongly raised. That can be explained by considering the oxygen partial pressure in the used RTP chamber which can be up to 5 ϫ 10 −6 bar due to oxygen and steam impurities in the process gases. For a given partial pressure of oxygen there is a critical temperature separating between oxide growth and removal. 20 For the given oxygen partial pressure in our experimental setup the critical temperature is 1050°C ͑see Fig. 2͒ . Below that temperature there is a competition between oxidation and nitridation; above this temperature there is only nitridation. The nitrogen concentration can thus be adjusted by choosing the right process temperature. As the nitrogen concentration of all presented samples is higher than that of common thermal oxynitrides, they are called nitrogen-rich throughout this paper.
The significant oxygen peak at the sample surfaces is due to further oxidation in ambient air after processing, as the ERD measurements could not be done in situ.
It has been reported that nitrogen frequently accumulates at the SiO x N y /Si interface. 21, 22 According to the ERD measurements in Fig. 1 , this can be confirmed for low nitrogen concentrations ͑Fig. 1c͒. In the case of higher nitrogen concentrations the nitrogen profile is rather constant across the sample depth. Near the interface there is mainly nitrogen and almost no oxygen in all cases. This excess nitrogen at the interface is responsible for the poor interface characteristics of nitrogen-rich oxynitrides, as reported later. By short reoxidations, i.e., anneals in an oxygen-containing gas ambient like O 2 or H 2 O, the profiles can be changed as shown in Fig. 3 considering a reoxidation in H 2 O at 1000°C for 15 s as example. Reoxidations lead to an increase of the oxygen concentration while the nitrogen concentration decreases, but that has to be accepted in order to have oxygen right at the interface and improve the electrical properties ͑see the following discussion͒.
Optimization of the Electrical Properties
Optimization by variation of process parameters.-For oxidation it is known that the electrical properties can be optimized by varying the process parameters. 20 This knowledge has been applied to the growth of thermal oxynitrides. 2 nm thick oxynitrides have been grown with either constant temperature T = 1000°C or with constant growth velocity v = 0.033 nm/s, which means that the 2 nm thick nitride was grown in a constant time of t = 60 s ͑v = d/t͒. In order to reach the constant thickness of 2 nm the ammonia partial pressures p NH 3 /Ar and the growth velocity v were varied for T = const., while p NH 3 /Ar and T were varied for v = const. As a certain oxygen concentration is crucial for good electric properties, the nitridation was carried out without removing the native oxide or The results for the interface state density D it and the tunneling current density j are summarized in Fig. 4 and 5 where they are plotted vs. the partial pressure of ammonia in argon p NH 3 /Ar . j is also plotted versus EOT in Fig. 5 . The as-grown samples are represented by the triangular symbols. It can be seen that both D it and j can be optimized by varying the concentration of NH 3 . Best results were achieved for 10% NH 3 in both cases. As-grown j values vary between 0.01 and 1 A/cm 2 , which is far below the values of SiO 2 of the same EOT. This can also be seen in Fig. 6 Optimization by post nitridation anneals.-In order to improve the interface quality the samples have been annealed in different gas ambients. Postnitridation anneals in inert gases have only minor effects on the interface quality of a nitrogen-rich oxynitride, as they do not change the nitrogen and oxygen profiles. Even after long anneals at high temperatures in nitrogen ͑T = 1100°C, t Ͼ 60 s͒, the interface state density still was above 10 13 eV −1 cm −2 . As mentioned previously, the oxygen profile can be influenced by annealing in an oxygen-containing gas ambient. Therefore reoxidations have been carried out in dry oxygen O 2 and steam atmosphere H 2 O. As can be seen in Fig. 7 where an O 2 reoxidation for 30 s is compared to a H 2 O reoxidation for 5 s ͑both at 1000°C͒, both reoxidations increase EOT, which means that additional oxygen is incorporated, but only steam reoxidation improves the electrical properties D it and j sufficiently. The physical thickness of the samples is hardly affected by the reoxidations ͑see Fig. 3͒ . Best results regarding good electrical properties and EOT values as low as possible were achieved with H 2 O reoxidations for 5 s at 1000°C. With this process both interface state density and tunneling current density can be reduced more than one order of magnitude ͑see Fig.  4 and 5, circles͒. After reoxidation the nitrogen concentration was still as high as 30%.
The improvement of D it is due to the change of the oxygen profile across the sample ͑oxygen is brought to the interface͒ as explained in the previous section. Also, the improvement of j can be explained by the change of the oxygen profile and the increase of the oxygen concentration. More oxygen at the interface means that the interface becomes more SiO 2 -like; therefore, the barrier height increases. Further, existing pinholes in the nitride film are oxidized during the reoxidation. Therefore the tunneling current decreases with increasing oxygen concentration whereas EOT increases.
By additional annealing in forming gas ͑450°C, 30 min, 5% H 2 in N 2 ͒ after Al metallization, D it can be further reduced to a value of 10 11 eV −1 cm −2 ͑stars in Fig. 4͒ , while there is no change in EOT and j. It is important to mention that no spiking of aluminum is observed during annealing in forming gas. This also shows the extremely good barrier characteristics of these thermally grown oxynitride layers.
Oxynitride as Gate Dielectric?
In the last two paragraphs it could be shown that nitrogen-rich oxynitrides ͑c N Ϸ 30%͒ with D it values as low as 10 11 eV −1 cm −2
and tunneling current density that are four orders of magnitude lower compared to SiO 2 of the same EOT can be thermally grown with the following process flow:
1. Nitridation of a very thin oxide layer ͑e.g., native or thin chemical oxide͒ with an ammonia partial pressure of 0.1 bar ͑i.e., 10%NH 3 in Ar͒.
2. Reoxidation in steam atmosphere at 1000°C. 3. Annealing in forming gas after metallization.
Such an oxynitride has been integrated in a simple n-MOSFET test structure in order to measure the electron mobility. A first result of the measured effective mobility ͑including error bars͒ as a function of the effective electric field is shown in Fig. 8 . The effective mobility was extracted from the input characteristic ͑drain current vs. gate voltage͒ of the MOSFET. The effective electric field takes into account the substrate doping as well as the impact of the gate bias. Plotting eff vs. E eff therefore allows comparison of samples with different substrate doping levels and with different thicknesses of the dielectric directly with each other. Considering the high substrate doping of 10 18 cm −3 , the mobility nearly reaches the universal curve for SiO 2 which can be extrapolated to a value of 130 cm 2 /Vs at E eff = 2 MV/cm. 25 The effective hole mobility has to be investigated in future experiments.
The presented oxynitrides also show an excellent barrier behavior against boron penetration from p + -poly silicon. 26 Therefore they seem to be either directly suitable as a gate dielectric in MOS applications or to form an interfacial layer to high-k materials.
Conclusions
It could be shown that by thermal nitridation in NH 3 followed by reoxidation and annealing in forming gas it is possible to grow nitrogen-rich oxynitrides or even pure silicon nitride depending on nitridation temperature and substrate preparation.
Depending on process conditions the electrical properties can be optimized. In order to reach a good interface quality additionally a short reoxidation in steam atmosphere is necessary. The nitrogen concentration in the dielectrics is about 40% for the as-grown and still almost 30% for the reoxidized samples. The interface state density of the optimized oxynitrides is as low as 10 11 eV −1 cm −2 and the leakage current density is four orders of magnitude below that of SiO 2 . First mobility measurements show promising results, leading to the suggestion that even nitrogen-rich oxynitrides can be a promising candidate as gate dielectric in MOS applications or as an interfacial layer for high-k materials.
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